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Lithium: A Promising Treatment for Fragile X Syndrome

Zhonghua Liu and Carolyn Beebe Smith*

Section on Neuroadaptation and Protein Metabolism, National Institute of Mental Health, National Institutes of Health, Department
of Health and Human Services, Bethesda, Maryland 20892, United States

ABSTRACT: Fragile X syndrome (FXS) is an inherited disorder that results in intellectual
disability and a characteristic behavioral profile that includes autism spectrum disorder,
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attention deficit hyperactivity disorder, sensory hypersensitivity, hyperarousal, and anxiety.

The epigenetic silencing of FMRI and the consequent absence of its protein product,
FMRP, is the most common cause of fragile X. The development of animal models of fragile
X syndrome 20 years ago has produced a considerable increase in our understanding of the
consequences of the absence of FMRP on the structure and function of the nervous system.
Some of the insights gained have led to proposals of treatment strategies that are based on
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cellular and molecular changes observed in animals lacking FMRP. One such proposal is

treatment with lithium, a drug with a long history of clinical efficacy in psychiatry and a drug with newly described uses in
degenerative disorders of the nervous system. Lithium treatment has been studied extensively in both mouse and fruit fly models
of FXS, and it has been shown to reverse numerous behavioral, physiological, cellular, and molecular phenotypes. A report of a
pilot clinical trial on a limited number of adult FXS patients indicated that measurable improvements in behavior and function
were seen after 2 months of lithium treatment. A double-blind clinical trial of lithium treatment in FXS patients is now needed.
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Fragile X syndrome (FXS) is the leading known genetic
cause of intellectual disability and monogenic cause of
autism with a prevalence of 1/4000 in males and 1/6000 in
females.' In most cases, FXS is caused by expansion of a
sequence of CGG trinucleotide repeats in the S’-untranslated
region of the FMRI gene. In humans, the number of CGG
repeats is highly polymorphic. Normal individuals have
between S and 54 repeats. When the number of repeats
expands to more than S5 but less than 200, it is referred to as
fragile X premutation. When the repeat length is greater than
200, the gene is hypermethylated and transcription is silenced
with consequent loss of the gene product, fragile X mental
retardation protein (FMRP). This is known as FXS or the full
fragile X mutation.” Individuals with FXS have a characteristic
facial morphology and macroorchidism. They are also prone to
seizure disorders. Behavioral phenotypes include hyperactivity,
attention deficit, intellectual disability, learning deficits, hyper-
arousal, anxiety, and autism.>

B ANIMAL MODELS OF FRAGILE X SYNDROME

The development of animal models of FXS has led to
considerable advances in our understanding of the pathophysi-
ology of the disease. The most widely studied model is the
Fmrl knockout (KO) mouse advanced by the Dutch-Belgian
Fragile X Consortium in 1994.* There are also models of the
disease in rats, Drosophila, and zebrafish.>® For the purpose of
this review, remarks will be limited to the mouse and Drosophila
models. Initially, work on these models was directed at
establishing the phenotype in animals. Fmrl KO mice are
susceptible to audiogenic seizures’ likely in parallel to the
tendency of children with FXS to have seizures. Fmr]l KO mice
are hyperactive® and have deficits on tests of social interaction®
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and certain types of learning and memory.**™"" These

characteristics are similar to symptoms seen in patients with
FXS. Tests of anxiety-like behavior indicate that general anxiety
is decreased in Frnrl KO mice compared to wild type (WT).'>®
In the disease in humans, however, general as well as social
anxiety is elevated. It is possible that the measures of general
anxiety in rodents (behavior in the center of an open field arena
and behavior in elevated plus and zero mazes) cannot
distinguish between reduced anxiety and impulsivity or lack
of executive function. Impulsivity is also reported to be
characteristic of Fmrl KO mice."> The hallmark neuro-
pathological phenotype of FXS is the change in dendritic
spines, and this change is seen in both patients and in Fmrl KO
mice. In the absence of FMRP, dendritic spines at excitatory
synapses tend to be of a more immature type, long, thin, and
filopodial-like; they also tend to be increased in density."* In
Fmr1 KO mice, effects on synaptic plasticity have been reported
including alterations in the course of developmental plasticity as
indicated by changes in the critical period for thalamocortical
synapses.'>'¢ Developmental delay is typical in patients with
delays in motor skills and motor coordination.

B TREATMENTS FOR FRAGILE X SYNDROME

Until recently, pharmacological therapies for treatment of FXS
have been symptom-based. With increases in our understanding
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of the cellular and molecular basis of dysfunction in the animal
models is the hope that rationale therapies addressing specific
core targets can be developed. The absence of FMRP is the
primary change and likely at the biochemical core of the
disease. FMRP is a polyribosome-associated RNA-binding
protein, suggesting a role in regulating translation. In in vitro
model systems for the study of mRNA translation, FMRP
negatively regulates the translation of its target mRNAs.'”'®
FMRP has been shown to reversibly stall ribosomes specifically
on its target mRNAs during elongation.'” FMRP also recruits
cytoplasmic FMRP-interacting protein (CYFIP1), consequently
blocking formation of the eIF4F complex and preventing
translation initiation.”® Translation is also inhibited by the
recruitment by FMRP of RNA-induced silencing complex
(RISC).>! Consistent with this role for EMRP as a suppressor
of translation, elevated rates of protein synthesis measured in
the intact nervous system have been demonstrated in Fmrl KO
mice.”” Studies in hippocampal slices from Fmrl KO mice
confirm increased incorporation rates in vitro.'>**~>° Given the
centrality of the effect on protein synthesis, a treatment for FXS
that can reverse this phenotype in animals offers considerable
promise.

mGluR Theory of Fragile X Syndrome. One observation
that appears to be linked to the effect on protein synthesis is the
finding that the response to group I metabotropic glutamate
receptor (Gpl mGluR) activation in CA1 hippocampal neurons
was exaggerated in Fmrl KO mice.”® The response was a long-
term depression (LTD) coupled with internalization of 2-
amino-3-(5-methyl-3-ox0-1,2-0xazol-4-yl)propanoic acid
(AMPA) receptors, both of which were increased in Fmrl
KO mice. This finding together with the finding that activation
of Gpl mGluRs increased the synthesis of FMRP in
synaptoneurosomes prepared from brains of WT mice®” led
to the mGluR theory of FXS.*® It had been shown that
activation of Gpl mGluRs induces hippocam})al LTD that
requires rapid translation of pre-existing mRNA. ® In Fmrl KO
mice, this response was exaggerated, but no longer dependent
on protein synthesis.’® This latter finding suggests that, in the
absence of FMRP, “plasticity proteins” necessary for induction
of LTD are already present in sufficient concentrations.
Increased levels of several “plasticity proteins” including
activity-regulated cytoskeletal protein (Arc), microtubule
associated protein 1 (Maplf), and a calcium/calmodulin-
dependent kinase II («CAMKII) have been reported in Fmrl
KO mice.*’ The mGluR theory proposed that in WT mice
synthesis of FMRP in response to activation of Gpl mGluRs
acts as a brake on the protein synthesis-LTD response
preparing the synapse for the capacity to respond to the next
signal. In the absence of FMRP, as in FXS, the synaptic
response may lack an “off” switch.

mGIuR-LTD requires a cascade of signaling events that
culminate in increased protein synthesis likely via mammalian
target of rapamycin (mTOR) activation and/or extracellular
signal-related kinase (ERK) signaling. Both the phosphatidyli-
nositol 3-kinase (PI3K) and ERK pathways are involved in this
response and have been proposed as therapeutic targets.>>**
Another approach to therapeutic intervention in FXS is through
an understanding of the signaling pathways acting on FMRP
and regulated by FMRP. Through an enzyme-mediated change
in its phosphorylation status, FMRP activity is affected by
activation of mGluRs, AMPARSs, y-aminobutyric acid (GABA)
receptors, N-methyl-D-aspartate (NMDA) receptors, and
tyrosine kinase (TrkB) receptors. For example, within 1 min
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of Gpl mGIuR stimulation, FMRP is dephosphorylated by
protein phosphatase 2A (PP2A)* and translation is released
from FMRP’s suppression. After 1 min, the rephosphorylation
of FMRP catalyzed by ribosomal protein S6 kinase 1 (S6K1)>*
results in the reinstatement of a translation-suppressed state.
Activity-dependent phosphorylation of FMRP by S6K1 requires
signaling from mTOR, ERK1/2, and PP2A.

Based on the mGluR theory, it was proposed that reducing
Gpl mGluR activation might reverse phenotypes in Fmrl KO
mice. Many studies have been published addressing this
proposition in experimental animals confirming that both
genetic reduction of mGluRS"® and pharmacological reduction
of Gpl mGluR response by treatment with negative allosteric
modulators of mGIluRS, for example, 2-methyl-6-
(phenylethynyl)pyridine hydrochloride (MPEP), correct
many of the behavioral and pathophysiological phenotypes in
the mouse (reviewed in ref 35) and Drosophila36’37 models.
Preliminary results of clinical trials of negative allosteric
modulators of mGIuRS in adults with FXS have yielded some
indications of promise on tests of prepulse inhibition®® and, in a
subset of patients, on the Aberrant Behavior Checklist—
Community Edition.*”

B LITHIUM AS A THERAPEUTIC FOR FRAGILE X
SYNDROME

Lithium has been proposed as a therapeutic for FXS, and there
is mounting evidence to support its potential. Lithium has a
long history in psychiatric medicine. It was one of the first
drugs to be used in the treatment of mental illness. In the 19th
century, lithium was used to treat mania that was thought to
result from the toxic effects of gout and the accumulation of
uric acid. Its use was expanded for the treatment of mania in
general following the observation that lithium had a tranquil-
izing effect in guinea pigs and in patients with mania (reviewed
in ref 40). Today, lithium serves as a mood stabilizer primarily
in the treatment of bipolar disorder, where it plays a role in
normalizing mania and depression, both acute and long-term
phases. The use of lithium as a therapeutic has been tempered
by its toxicity occurring just beyond its narrow therapeutic
range. In patients on lithium therapy, blood levels must be
monitored and optimal concentrations maintained (0.4—1.2
mequiv/L). Toxic effects of lithium are largely due to its
inhibitory effect on vasopressin so patients with toxic levels of
lithium are prone to dehydration. Whereas the potential toxicity
of lithium has limited its use, careful monitoring of blood levels
is effective in preventing toxic reactions.

In rodents, lithium treatment alters many behavioral
attributes such as aggression,*' depression,*” amphetamine-
induced hyperlocomotion** and reserpine-induced hypoloco-
motion.** Chronic lithium also enhances learning®™ and spatial
memory in rats.***” Electrophysiologically, chronic lithium
increases long-term potentiation (LTP) in hippocampal
neurons*® and alleviates stress-induced LTP impairment.*’
Lithium also exerts neuroprotective effects.’® The effects of
lithium are mediated by several known mechanisms such as
down-regulation of the phospholipase C signalin§ pathway,*"
reduction of NMDA receptor-initiated signaling®” and inhib-
ition of GSK-3.>>>*

Lithium Treatment in the Drosophila Model of Fragile
X. The first tests of lithium treatment in FXS were in the
Drosophila model. Drosophila provide a powerful genetic model
system for biomedical research, and a model for FXS was
developed in Drosophila that is based on loss-of-function
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mutants of dfmrl.> Studies of dfmr]l mutants reveal that their
neuronal and behavioral phenotypes parallel symptoms
observed in FXS patients. The dfmrl mutants have abnormal
circadian rhythms,®® courtship behavior,*® cognitive function,*®
impairments on social interaction and long-term olfacto
memory'.57’58 Neurite branching patterns are ;1be1‘r;1nt,56'59 and
interestingly, dfmrl mutants have developmental defects in
mushroom bodies in brain.** Mushroom bodies are the best-
characterized insect brain region involved in many forms of
learning and memory.

In a test of viability, dfmrl mutant Drosophila reared on food
containing increased levels of glutamate6l died during develop-
ment, consistent with the mGluR theory that FMRP loss results
in excess glutamate signaling. In this lethal phenotype, lithium
treatment improved viability. An assay of courtship behavior in
flies was used to test the effects of lithium treatment on
experience-dependent plasticity. Young adult (5 day), male
Drosophila display a characteristic sequence of behaviors when
presented with a virgin female. In a 10 min courtship assay,
male dfmrl mutant flies failed to activate advanced stages of the
courtship behavior and spent less time engaged in active
courtship than WT males.*® Courtship behavior was improved
following inclusion of either 5 or 50 mM lithium chloride in the
diet during development and the 4 days prior to testing.*® In an
extension of this assay, training capability and short-term
memory were tested in a conditioned courtship paradigm. A
male WT fly exposed to a previously mated (unreceptive)
female will soon learn to decrease his courtship activity
(learning during training). When subsequently paired with a
receptive virgin female, the male will display reduced courtship
activity indicating memory of the training. Mutant dfmrl flies
showed learning during training but impaired memory of the
training. The memory impairment was reversed by chronic
treatment with either 5 or 50 mM lithium in the diet.*® In
another study, dfmrl mutants were treated with lithium only
during development, and learning and memory were tested in
aged flies (20 days). Results showed that treatment with lithium
during development prevents both learning and memory
impairments that occur in aged flies. It is possible that
treatment during development might induce some lasting
changes in neuronal signaling at synapses that continue to be
beneficial to the behavioral performances during aging.

Lithium Treatment in the Fmr1 KO Mouse Model. The
positive effects of lithium treatment in flies stimulated the study
of this treatment and its effects on numerous behavioral,
physiological, and cellular phenotypes in Fmrl KO mice. The
first report of efficacy of lithium treatment on behavior in Fmr1
KO mice was a study of audiogenic seizure incidence.”®> Young
(29—-30 day), male WT and Fmrl KO mice were administered
a single ip. injection of lithium citrate (120, 200, or 300 mg/
kg) and tested 30 min later for seizure activity induced by a
high intensity sound. Almost 80% of vehicle-injected Fmrl KO
mice died following status epilepticus, whereas none of the WT
mice were so affected. Following acute lithium treatment, the
incidence of status epilepticus in Fmrl KO mice was reduced to
33, 30, and 7% at the three doses of lithium tested,
respectively.®®

In a comprehensive study of the effects of chronic lithium
treatment,%* Fmrl KO male and WT control littermates were
fed either lithium carbonate supplemented (0.3% w/w) or
control diets commencing on the day of weaning and
maintained throughout. An important consideration in these
studies is the dose and the length of treatment. To achieve
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long-term consistent plasma concentrations, animals were fed
diet containing lithium carbonate, and blood levels were
measured to confirm that they were not toxic and approximate
the therapeutic range. Lithium has a narrow therapeutic index,
so the dose of lithium in the diet was carefully selected to
achieve and maintain a concentration of lithium at the low end
of the therapeutic range. To counteract potential hyponatremia
caused by lithium-induced increased sodium excretion, animals’
drinking water was supplemented with sodium chloride. After 5
weeks of treatment, mice were subjected to a battery of
behavioral tests each administered 1 week apart. Behavioral
assessment began with open field testing, followed by social
interaction, elevated plus and zero mazes, and passive avoidance
tests. These tests assessed four robust phenotypes in Fmrl KO
mice: hyperactivity, deficits on social interaction, reduced
general anxiety, and deficits on fear learning and memory.

Chronic lithium treatment corrected all four phenotypes and
had little or no effect on WT mice. In the open field, Fmrl KO
mice consistently show hyperactivity and a higher percent
activity in the center of the field, indicating lower levels of
general anxiety. Both of these behaviors were reversed by
chronic lithium treatment.** On other tests of general anxiety,
that is, elevated plus and elevated zero mazes, Fmrl KO mice
also behaved as if they were less anxious about being in the
open as indicated by higher number of entrances and more
time spent in open arms or quadrants of the mazes; these
behaviors were also partially reversed by chronic lithium
treatment.** A form of anxiety that is increased in patients with
FXS is social anxiety, characterized by avoidance in social
situations. Social behavior in Fmrl KO mice tested in an
automated three-chambered apparatus indicates normal social
approach behavior; that is, they showed a normal preference for
a single novel mouse over a novel object. In the social novelty
phase of the test, that is, the choice between a familiar mouse
and a novel mouse, Fmrl KO mice “shied away” from both
mice and spent an increased amount of time in the center
chamber. Chronic lithium treatment reversed this “social
anxiety” phenotype. It is interesting to note that untreated
Fmrl KO mice exhibited increased “social anxiety” and
decreased general anxiety phenotypes, dissociating these two
forms of anxiety.*** This dissociation has also been observed
clinically and in other animal disease models.**® Chronic
lithium treatment appears to normalize both hypo-general
anxiety and hyper-social anxiety.”* Aversive learning and
memory tests such as the passive avoidance test yield strong
evidence of impairment.”'” Following a single trial in a two-
chambered apparatus, in which the test mouse receives a mild
foot shock upon entering the dark chamber, the mouse is
returned to his home cage and tested 24 h later for latency to
enter the dark chamber. Fmrl KO mice exhibited a decreased
latency to enter the dark chamber.”'>¢”%*%® This behavior is
thought to demonstrate an impairment of learning/memory.
Chronic lithium treatment reversed this deficit in Fmrl KO
mice but had no measurable effect in WT mice.®*

In addition to the positive effects on behavior, chronic
lithium treatment also reversed the dendritic spine phenotype
in medial prefrontal cortex in Fmrl KO mice. That the spine
phenotype occurs in medial prefrontal cortex is of particular
interest in light of the involvement of this cortical area in mood
regulation and social cognition.”” Medial prefrontal cortex is
also involved in executive function and control of impulsiv-
ity.”%”" Performance of Fmrl KO mice on the passive
avoidance test and possibly also tests of anxiety may be
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Figure 1. Effects of chronic lithium treatment on rates of protein synthesis measured in vivo in Fmrl KO mice.”® (A—D) Digitized autoradiographic
images color-coded for regional rates of cerebral protein synthesis (rCPS) at the level of dorsal hippocampus from each experimental group are as
follows: (A) WT-control, (B) Fmrl KO-control, (C) WT-lithium-treated, and (D) KO-lithium-treated. Color bar and the scale bar in (A) (2 mm)

apply to all four images.

interpreted as a reflection of hyperactivity and impulsivity,
known attributes of these mice."> Correction of the spine
phenotype in medial prefrontal cortex and performance on
both passive avoidance and social interaction tests is consistent
with decreased social anxiety, reduced locomotor activity, and
improved inhibitory control following lithium treatment.

Lithium Treatment and Glycogen Synthase Kinase-3.
A principal target of lithium is glycogen synthase kinase-3
(GSK-3), a serine/threonine kinase first identified as an enzyme
involved in glycogen synthesis. It is now known that GSK-3
plays a role in numerous pathways regulating fundamental
processes, including development, cell architecture, micro-
tubule dynamics, gene expression, and apoptosis.”> GSK-3 has
two isoforms, GSK-3a and GSK-3$,® which share many
functions. Activity of GSK-3 is negatively regulated by
phosphorylation (GSK-3a at Ser21l, GSK-3 at Ser9).
Dysregulation of GSK-3 is thought to contribute to a number
of diseases such as mood disorders, schizophrenia, Alzheimer’s
disease, and Huntington’s disease.””

Accumulating evidence suggests that GSK-3 plays a pivotal
role in expression of Fmrl KO phenotypes. GSK3f mRNA is a
target of FMRP," indicating that FMRP binds to GSK3f
mRNA and can regulate its translation. Moreover, current data
suggest that GSK-3 activity is upregulated in Fmrl KO mice
with the phosphorylated forms of GSK-3a and GSK-3f
decreased relative to total enzyme in homogenates of striatum,
cortex, hippocampus, and cerebellum® and whole brain.%*
Acute treatment of animals with the Gpl mGluR negative
allosteric modulator, MPEP, resulted in an increase in the
relative levels of p-GSK-3a and p-GSK-3f, suggesting that this
treatment decreases GSK-3 activity.”’” Both acute and chronic
lithium treatment had similar effects.”” In support of the idea
that dysregulation of GSK-3 is important in FXS is the finding
that treatment with selective inhibitors of GSK-3 reverses many
phenotypes in Fmrl KO mice. Acute ip injection of the
selective ATP competitive inhibitor of GSK-3, SB-216763,
reduced the incidence of audiogenic seizures and normalized
open field behavior.®® A study of hippocampal-dependent
cognitive behaviors tested the efficacy of selective GSK-3
inhibitors, TDZD-8 (S mg/kg, i.p.) or VP0.7 (S mg/kg, ip.), to
improve performance of Fmrl KO mice on novel object

480

recognition, coordinate and categorical spatial processing and
temporal ordering for visual objects.”* In all cases, treatment
with either drug 1 h prior to testing reversed the deficits seen
on these tasks in Fmrl KO mice. Taken together, these results
indicate the involvement of overactive GSK-3 in the hyper-
activity, impulsivity, vulnerability to audiogenic seizures, social
interaction deficits, hippocampal-dependent cognitive deficits,
and dendritic spine abnormalities so characteristic of Fmrl KO
mice.

Lithium Treatment and Protein Synthesis. The ability
of both lithium and GSK-3 inhibitors to reverse behavioral,
physiological, and structural phenotypes in the FXS mouse
model coupled with the finding that lithium treatment
decreases activity of GSK-3 as indicated by the relative increase
in the phosphorylated form of the enzyme suggest that
overactive GSK-3 activity is an ideal target for treatment of
FXS. Moreover, and in accord with the idea that the
dysregulation of protein synthesis may be at the heart of the
defect in FXS, chronic lithium treatment reversed increased
rCPS measured in vivo in Fmrl KO mice; effects of the
treatment on WT mice were minor > (Figure 1). The process
of protein synthesis is primarily regulated by translation factors
that transiently associate with ribosomes. A number of
components involved in the initiation and elongation stages
of translation are regulated by mammalian target of rapamycin
(mTOR), a protein kinase that phosphorylates eIF4E-binding
proteins (4E-BP) and the ribosomal protein p70 S6 kinase 1
(p70 S6K1). The PI3K/Akt signaling pathway is an important
upstream regulator of mTOR, and PI3K/Akt signaling may be
dysregulated in FXS. Basal PI3K activity in cortical
synaptoneurosomes from developing Fmrl KO mice was
found to be excessive likely due to increased synthesis and
synaptic localization of its catalytic subunit, p110f, both of
which are normally regulated by FMRP.*” In hippocampal
slices from Fmrl KO mice, mTOR activity and downstream
targets S6K1, 4E-BP, and eIF4E were also found to be elevated
possibly due to an increase in PI3K enhancer (PIKE), which is
also normally regulated by FMRP.”® It has been suggested that
these effects may lead to exaggerated protein synthesis in FXS.
Another study in hippocampal slices, however, failed to observe
increased levels of mTOR pathway components in Fmrl KO
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mice, but indicated that ERK1/2 is hypersensitive to mGIluR
stimulation leading to excessive protein synthesis in Fmrl KO
mice.”® The effects of lithium treatment on the above two
pathways were tested in Fmrl KO mice. Relative levels of p-Akt
and p-mTOR were higher in hipgocampal homogenates of
Fmrl KO mice compared to WT,** although the differences
were not as strong as previously reported in hippocampal
slices.”® Chronic lithium treatment resulted in substantial
decreases in the levels of p-Akt and p-mTOR in Fmrl KO mice,
but effects on p-p70 S6K1 and p-ERK1/2 were weak and did
not reach statistical significance.”> These findings fail to support
either PI3K/Akt or MAPK/ERK1/2 pathways alone as the
means by which chronic lithium treatment normalizes protein
synthesis in brain. The mechanisms underlying the upregula-
tion of protein synthesis and the effects of lithium treatment in
fragile X are likely more complicated than originally thought.
Multiple physiological targets may exist for lithium.

Lithium Treatment of FXS Patients. The findings
demonstrating that lithium treatment can normalize an array
of phenotypes in animal models of FXS suggest that it may be a
promising treatment in patients. Currently, lithium is used in
FXS for treatment of aggression and for mood stabilization in
adolescents and adults.”> A pilot add-on trial has been
conducted to evaluate the safety and efficacy of lithium in
human subjects with FXS.”” Fifteen subjects with FXS, ages 6—
23, received lithium titrated to levels of 0.8—1.2 mequiv/L.
After 2 months of treatment, significant improvements were
found in hyperactivity, inappropriate speech, aggression,
abnormal vocalizations, self-abuse, work refusal, outbursts,
overemotionality, anxiety, mood swings, tantrums, persevera-
tion, crying, and maladaptive behavior. Scores on the Clinical
Global Improvement Scale were significantly enhanced. One
cognitive measure, the RBANS List Learning, also showed
significant improvement over baseline performance after
lithium treatment. Patients also showed trends of improve-
ments in lethargy and stereotypy scores following lithium
treatment. These results suggest that lithium has positive effects
on behavioral and adaptive skills for individuals with FXS.
Positive responses were distributed across the age range of the
study cohort, suggesting that both children and young adults
with FXS can be benefit from lithium treatment. As for the side
effects, except polyuria and polydipsia, lithium was well-
tolerated.”’

B SUMMARY

Increased understanding of the function of FMRP and the
consequences of its absence has led to a number of promising
potential therapeutic approaches for FXS. Presently, there are
six compounds in clinical trials for the treatment of FXS; others
are on the horizon. Some of the drugs are expected to redress
an excitatory/inhibitory imbalance, one is an anti-inflammatory
agent. Lithium treatment has proven benefit for many of the
abnormal phenotypes in Drosophila and mouse models of FXS.
The precise mechanism through which lithium effects these
changes is not totally understood, but it is noteworthy that
increased GSK-3 activity is normalized by lithium treatment
and that inhibitors of GSK-3 had similar effects on animal
behavior. Most importantly, lithium treatment reversed
upregulated protein synthesis in Fmrl KO mice. Because the
exaggerated protein synthesis as a consequence of the absence
of FMRP is thought to be central to the pathogenesis of FXS,
the reversal effect of lithium on protein synthesis may account
for the improvements in multiple phenotypes. Moreover,
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results of a pilot clinical trial reported in 2008 support the
possibility that it is a promising treatment for patients with
FXS.”” With all of the evidence that lithium can reverse fragile
X phenotypes in animal models and in the pilot human study
(Table 1), and in view of the extensive clinical experience
managing patients on this drug, it seems the time has come for
a placebo-controlled trial of lithium in individuals with FXS.

Table 1. Fragile X Phenotypes: Effects of Lithium Treatment

effects of lithium

phenotype treatment
studies in dfmrl mutant Drosophila
courtship behavior™® reversed®’
courtship behavior memory*® reversed®’

studies in Fmrl KO mice

L4 64
macroorchidism small effect

audiogenic seizures’ reversed®
behavior
hyperactivity* partially reversed®*
social interaction deficit® reversed®*
passive avoidance test’ reversed®*
cellular
dendritic spine abnormalities"* reversed®
cerebral protein synthesis® reversed”®
signaling
p-GSK-3% reversed®’
p-Akt’® reversed”®
p-mTOR’® reversed”®
p-p70 S6K17¢ no effect”
studies in adults with fragile X syndrome
visual analogue scale for behavior improvement””
Clinical Global Improvement Scale improvement””
Aberrant behavior Checklist-Community Edition improvement””
Vineland Maladaptive Behavior Scale improvement””
RBans List Learning Test improvemen’t77
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